Respiratory paramyxoviruses are important causes of morbidity and mortality, particularly of infants and the elderly.
Author Summary
Respiratory viral infections are important propagators of acute and chronic disease, and a subset of those affected require hospitalization. Type 2 immune responses have a wellestablished association with increased disease severity; however, these responses have not been manipulated to ameliorate disease severity in clinical practice. Here we show that the cytokine interleukin-27 (IL-27) limits immunopathology after paramyxovirus infection. IL-a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Acute respiratory infections are an important cause of morbidity and mortality in children and adults [1, 2] . Paramyxoviruses including respiratory syncytial virus (RSV), parainfluenza virus, and metapneumovirus are among the most frequent causes of severe illness [1] . Although type 1 immune responses characterized by the generation of Th1 CD4 + T cells are essential for viral clearance and the development of protective immunity during these infections, severity of illness is associated with type 2 polarization of the immune response [3] [4] [5] .
Despite their clinical importance, the mechanisms that regulate the development of type 2 immune responses during respiratory viral infections are unknown. IL-27 is a heterodimeric cytokine composed of the Epstein-Barr virus-induced gene 3 (EBi3, also shared with IL-35) and IL-27p28 subunits [6, 7] . It engages a receptor formed by gp130 and the IL-27Rα to activate the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathway [6, 8] . Endogenous IL-27 regulates T cell responses in various models of inflammation [9] [10] [11] [12] . In addition to antagonizing T cell production of IL-2, IL-27 directly inhibits Th2 and Th17 activities [10, 11, 13] and is a potent inducer of IL-10, a cytokine that antagonizes the function of antigen presenting cells (APC) [14, 15] .
The murine parainfluenza virus Sendai (SeV) induces an acute respiratory infection in mice that is cleared by the immune system and that leads to type 2 immune pathology in the lung at chronic time points, mimicking what is observed in humans [16, 17] . IL-27p28 transcripts are increased transiently in the lungs of mice during SeV infection [17] , and IL-27 is required for the expansion of Sendai-specific CD8 + T cells [18, 19] ; however, the cellular source of IL-27 and its effects on viral control and on the development of immune pathology remain unknown.
Here we show that following infection with SeV, IL-27 deficiency leads to increased lung pathology and disease severity as well as to higher frequencies of eosinophils and alternatively activated macrophages (AAMs), consistent with an increased bias towards a type 2 immune response. SeV infection in control mice induced IFN-γ from CD4 + T cells as well as a subset of IL-10-pro- 
Results

SeV infection induces transient production of IL-27p28 by lung macrophages
Sendai virus replication in the lung has been associated with increased levels of IL-27p28 mRNA [17] , but the cellular source was unclear. In mice, IL-27p28 is secreted in excess, and EBi3 is secreted when co-expressed with IL-27p28 [20] . Accordingly, at 10 days post infection (dpi) transcripts of IL-27p28 were detected in higher amounts than EBi3 by qPCR relative to internal control ( Fig 1A) . Consistent with these findings, analysis of bronchoalveolar lavage (BAL) protein revealed elevated IL-27p28 production at 6 and 10 dpi with no IL-27p28 detected at 4 and 18 dpi (Fig 1B) . To identify the sources of IL-27, different populations of APCs in the lungs and secondary lymphoid organs of mock-or SeV-infected C57BL/6 wild type (WT) mice were evaluated by flow cytometry for IL-27p28 expression. Given the high levels of monocyte autofluorescence in the lung, infected IL-27p28 -/-mice were also used as a control. Analysis of lung, draining lymph nodes, and spleen revealed that IL-27p28 was not detected in mock controls at local or peripheral sites or in infected mice at 4 or 22 dpi. No IL27p28 was detected in the spleen or draining lymph nodes (dLN) (Fig 1C) at any time point after infection. In the lung, IL-27p28 was primarily produced by a population of CD11c mid MHC II -cells (Fig 1C) . These cells were CD11b + and expressed high levels of Ly6c and CD64, consistent with monocytes and/or monocyte-derived macrophages (S1 Fig Loss of IL-27 signaling is associated with increased disease severity but not with increased viral load during SeV infection
To directly assess the impact of endogenous IL-27 on the outcome of SeV infection, WT and IL-27Rα -/-mice were monitored for weight loss as a measure of disease progression. Infected WT mice experienced transient weight loss; however, consistent with enhanced disease severity, infected IL-27Rα -/-mice lost more weight than controls (Fig 2A) . The increased weight loss observed in IL-27Rα -/-mice was consistent across multiple experiments using male or female mice, and similar results were observed using IL-27p28 -/-and EBi3 -/-mice. Male gender is associated with increased severity of respiratory diseases in mice and humans [21] , and in fitting with this increased severity of disease half of the infected male mice succumbed to infection between days 9 to 11 ( Fig 2B) . To determine whether the increased morbidity observed in IL-27Rα -/-mice was due to a reduced ability to clear virus, viral load was evaluated at the peak of SeV replication (3 dpi) and at the time of viral clearance (10 dpi) [22] . Infected WT and IL-27Rα -/-mice had comparable viral titers and levels of viral transcripts ( Fig 2C) at these time points. These data indicate that the increased disease severity seen in the IL-27Rα -/-mice was not due to impaired viral clearance.
To determine if the absence of the IL-27Rα was associated with more severe lung pathology, WT and IL-27Rα -/-mice were infected, and lung tissue was analyzed for histopathological differences at 10 dpi. Mice given a mock infection with intranasal PBS did not show any evidence of lung inflammation (Fig 2D) . In infected mice, inflammatory lesions were consistent with published reports and included multifocal bronchointerstitial pneumonia, alveolar and bronchiolar epithelial necrosis, and inflammatory cell infiltrate composed of lymphocytes, plasma cells, neutrophils, and macrophages [22] . Although bronchoalveolar hyperplasia was not different between the groups, in comparison to infected WT mice, infected IL-27Rα -/-mice exhibited more severe inflammation in the lung, although to a lesser degree than expected given the differences in weight loss and survival (Fig 2D and 2E) . Despite the increased mortality in males, no obvious differences in viral clearance, lung lesions, or inflammatory cell types of interest were observed between males and females when compared at 10 dpi (S2 Fig) .
IL-27 limits type 2 innate immune responses in the lung during SeV infection
Type 2 immune responses are important mediators of lung pathology at late time points after SeV infection [16, 17] ; however, this phenotype has not been described in the acute phase of the immune response to the virus. Flow cytometric analysis of granulocyte populations at 10 dpi in IL-27Rα -/-mice showed an increased frequency and number of eosinophils in the lung (Fig 3A, S4 Fig) , which is unexpected after SeV. In addition, there was a corresponding increase in the frequency and number of CD11b + macrophages expressing the mannose receptor (CD206 + ) ( Fig 3B, S4 Fig) , a marker of AAMs [23] . Of note, the increases in eosinophils and AAMs were consistent among mice deficient in each subunit of IL-27 (EBi3
Moreover, the shift to a type 2 immune response in the lung was consistent among infected males and females (S2 Fig) . Therefore, while SeV is associated with a Th1-type response in the lungs of WT mice [22, 24] , the data presented here suggest that the increased disease severity observed in IL-27Rα -/-mice may be associated with an immune environment more consistent with Th2-like responses.
IL-27 regulates polyfunctional CD4 + T cell populations during SeV infection
Previous studies have highlighted that during SeV infection IL-27 promotes the expansion of Sendai-specific CD8 + T cells in the lung and that it induces IL-10 production by CD8 + T cells in vitro and in vivo [15, 18] . We also observed a decreased frequency of virus-specific CD8 + T cells in IL-27Rα -/-mice during SeV infection but did not detect a difference in IL-10 production by the total CD8 + T cell population (S5 Fig) . However, CD4 + T cells are the major cytokine-producing T cells in the lung after SeV [22, 25] , and the regulatory role of IL-27 on CD4 + T cells has not been explored in this model. In the absence of IL-27, CD4 + T cells from the lungs of mice infected with SeV produced less IL-10 at 10 dpi (Fig 4A and 4B ). CD4 + T cells also represent a major source of IFN-γ after SeV infection, with peak production occurring at 10 dpi [22] . Therefore, lymphocytes were isolated from infected lungs at 10 dpi and stimulated ex vivo with phosphomolybdic acid (PMA), ionomycin, B-refeldin, and monensin to evaluate cytokine production by the total CD4 + T cell population. At this time point, total IFN-γ production by all CD4 + T cells was comparable in WT and IL-27Rα -/-mice and therefore independent of IL-27 signaling (Fig 4A and 4B) . However, although total levels of IFN-γ were unchanged in infected IL-27Rα -/-mice, a population of the total CD4 + T cells that was double positive for IFN-γ and IL-10 was reduced in frequency (Fig 4A and 4B ) and number (S4 Fig) , consistent with work in other models of inflammation [11, 15, 26] . IL-27 also directly suppresses IL-4/IL-13 and IL-17 synthesis by CD4 + T cells [10, 27] , and although levels of these cytokines in the BAL were not different between groups, analysis of all CD4 + T cells from infected IL-27Rα -/-mice revealed marked increases in IL-17 and IL-13 production (Fig 4C and   4D, S4 Fig) . There was also a significant increase in the frequency of IFN-γ + CD4 + T cells that co-produced IL-13 or IL-17 (Fig 4C and 4D) . Of note, these data were consistent among mice deficient in each subunit of IL-27 (EBi3 
CD4
+ T cells represented the largest population of dual producers (Fig 4E) . Of the cytokines examined, neither WT nor IL-27Rα -/-CD4 + T cells were producing more than two cytokines concurrently. From these data, we conclude that during SeV infection IL-27 production (Fig 5A) . CD4 + T cell depletion did not abrogate the pulmonary eosinophilia in IL-27Rα -/-mice (Fig 5B) , but the frequency of AAMs in these mice was reduced to baseline levels after CD4 + T cell depletion (Fig 5C) . Taken together, these data indicate that the absence of the IL-27Rα after SeV infection results in CD4 + T cells that have pathologic effects associated with an increase in AAMs.
IL-27 limits pathologic Th2 responses during SeV
Corresponding to the differences seen in infected IL-27Rα -/-mice, Th2-like responses are associated with enhanced lung damage in murine and human respiratory infection [3, 5] .
Thus, experiments were performed to assess the impact of IL-4/IL-13 signaling on disease severity in IL-27Rα -/-mice. Because STAT6 is critical for IL-4-and IL-13-mediated signaling [28] , mice deficient in the IL-27Rα and STAT6 (IL-27Rα
) were generated and then challenged with SeV. As previously shown, WT mice had transient weight loss, but IL-27Rα -/-mice experienced more severe weight loss after SeV. IL-27Rα
-/-/STAT6 -/-mice also lost more weight than WT mice but did not show any improvement over IL-27Rα -/-mice ( Fig   5D) . However, the increased mortality seen in infected IL-27Rα -/-male mice was ameliorated by elimination of STAT6 signaling ( Fig 5E) . As expected, the loss of STAT6 signaling in the IL-27Rα -/-mice resulted in a marked decrease in frequency of pulmonary eosinophils (Fig 5F) and AAMs (Fig 5G) , and these mice did not mount Th2 responses after SeV (Fig 5H and 5I Together, these results suggest that IL-27 inhibits the development of Th2 responses during the acute response to SeV infection and that in the context of IL-27 deficiency the emergence of these responses contribute to the T cell-mediated pathology.
Discussion
The data presented here reveal that IL-27Rα -/-mice challenged with SeV experienced increased disease severity mediated by CD4 + T cells as well as type 2 innate immune responses. In multiple models of infection the loss of the IL-27Rα has been associated with CD4 + T cell-mediated immunopathology linked with the overproduction of IFN-γ [12, 29, 30] . While the ability of CD4 + T cell depletion to ameliorate disease in IL-27Rα -/-mice is similar to other systems [12, 31] , the contribution of the STAT6-dependent Th2 response to this pathology is unique and indicates that IL-27 is an important endogenous regulator of Th2 immune responses during parainfluenza virus infection. There are multiple potential sources of endogenous IL-27, and while macrophages and DCs are considered major contributors [32] , a more recent report suggested that during infection with Plasmodium berghei CD4 + T cells also produced IL-27 [33] . While we found no evidence
Fig 5. Pathogenic Th2 responses emerge in the absence of IL-27 (A-D). WT and IL-27Rα
-/-mice were infected with SeV, and monoclonal anti-CD4 antibody versus isotype control was administered at 0, 4, and 7 dpi (data representative of two experiments, three to five mice per group) (A) Weight change in IL-27Rα -/-plus isotype versus IL-27Rα -/-plus anti-CD4.
that T cells produced IL-27p28 during this infection, there was a distinct population of monocytes and/or monocyte-derived macrophages in the lungs that produced IL-27p28. The induction of IL-27 during this infection could be a direct response to SeV [32] or may represent a secondary response to the SeV-induced production of type I interferons [32, 34] as during experimental autoimmune encephalitis and multiple sclerosis, the ability of type I IFNs to promote IL-27 is linked to their clinical efficacy [35] . Interestingly, SeV infection is lethal in the majority of male IL-27Rα -/-mice but not in females. Males have been shown to exhibit increased disease severity in both clinical and preclinical studies of respiratory illness [21, 36] , and in other inflammatory systems immune responses are influenced by gender [37, 38] . An improved understanding of the impact of gender on immune responses during respiratory viral infection could have important implications for risk stratification and disease management in humans. Although no differences were noted between the immune parameters evaluated in males and females in this study, the increased mortality in male mice deficient in IL-27 signaling presents a unique opportunity for further study. Based on work from our laboratory and others, abrogating type 2 immunity after SeV infection is not only important for limiting disease severity at early time points but also affects disease progression in the chronic phase [16, 17] . Interestingly, while CD4 + T cell depletion and elimination of STAT6 signaling in infected IL-27Rα -/-mice both led to decreased disease severity and fewer AAMs, these two interventions did not phenocopy each other. Pulmonary eosinophilia was decreased in infected IL-27Rα
-/-/STAT6 -/-mice but was unchanged by CD4 + T cell depletion. This sustained eosinophilia in the absence of CD4 + T cells may be explained by the ability of IL-27 to inhibit proliferation and cytokine production by type 2 innate lymphoid cells (ILC2s) [39, 40] . It could also be explained by epithelial cells, which express the IL-27Rα [41] and whose production of IL-13 contributes to airway remodeling [42] . The production of IL-10 is an important mechanism to limit many types of inflammatory processes [11, 15, 29] , and several cytokines including IL-6, IL-12, IL-21, IL-27, and type I interferons have been shown to promote T cell secretion of IL-10 [15, 44] . Many of these cytokines are produced during SeV, but the loss of the IFN-γ However, co-expression of these cytokines can occur, and our data are reminiscent of studies that have shown human CD4 + T cells specific for C. albicans and M. tuberculosis that produce IFN-γ also possess the capacity to make IL-4 or IL-17 [45] . Dual cytokine-producing CD4 + T cells also have been identified in models of autoimmunity and viral infection [46] [47] [48] , and IFN-γ + /IL-17 + CD4 + T cells have been described in pathogenic post viral immune responses [49] . The impact of IL-27 on these dual producers has not been previously described but is consistent with the ability of IL-27 to directly limit Th2 and Th17 differentiation [10, 11] and may represent a mechanism to limit T cell heterogeneity during viral infection. The experiments presented here suggest that while the T cell response to SeV infection is dominated by the production of IFN-γ, IL-27 acts on CD4 + T cells not only to promote the production of IL-10 but also to limit the emergence of pathologic CD4 + T cell responses associated with severe disease. Identifying an endogenous regulator of type 2 immune responses in the lung during parainfluenza virus has therapeutic implications. Genetic analyses have established connections between IL-27p28 polymorphisms and the severity of acute respiratory infection in premature infants [50] and of chronic lung disease in adults and children [51] [52] [53] , but additional clinical studies are needed to look at this relationship in the context of respiratory viral infection. Nevertheless, taken together with the data presented here, these studies indicate that endogenous IL-27 may have a broad role in limiting immunopathology in the respiratory system and may be useful as an adjunct therapy to limit disease progression.
Methods Mice
EBi3 -/-
, and IL-27p28 -/-mice were provided by Sage Research Labs (Boyertown, PA). IL-27Rα
-/-mice were provided by Amgen and bred in our facility. C57BL/6 mice were from Sage Research Labs (Boyertown, PA) or Taconic (Germantown, NY). STAT6 -/-mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All mice strains were housed, maintained, and bred under specific pathogen-free conditions at the University of Pennsylvania.
Ethics statement
All experimental procedures with mice were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania in accordance with guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care (Protocol #805045). IACUC uses the NIH Guide for the Care and Use of Laboratory Animals, which is based on the U.S. Government Principles for Utilization and Care of Vertebrate Animals Used in Testing, Research, and Training. Mice were euthanized by administration of CO 2 for at least five minutes in accordance with these guidelines.
Viruses and infection
SeV strain 52 was propagated in the laboratory of C.B.L. as previously described [34] . Mice were infected intranasally with 10 ID 50 of SeV strain 52 (10,000 TCID 50 /mouse) after anesthesia with ketamine and xylazine. Mice were infected after anesthesia with ketamine and xylazine. Mice were weighed on the day of infection (day 0) and every two days following, with weight loss calculated as percent change from original weight. Virus titration was performed by hemagglutination of chicken red blood cells (Lampire Biological Products) as previously described [34] . Briefly, the lungs were extracted, homogenized in PBS-gelatin (1%), and frozen at -80˚C for preservation. The presence of infectious particles was evaluated by infecting LLCMK2 cells with 1:10 dilutions of the lung homogenates at 37˚C. After 1 hour of infection, 175 μL of medium containing 2 μg/mL trypsin was added and the cells were further incubated for 72h at 37˚C. A total of 25μL of medium was then removed from the plate and tested by hemagglutination of chicken red blood cells (RBCs) for the presence of virus particles. Viruses at 1:4 dilutions in 0.5% chicken RBCs were incubated for 30 min at 4˚C. The hemagglutination of RBCs indicated the presence of virus particles [24] . For the CD4 + T cell depletion, anti-CD4 monoclonal antibody (clone GK1.5, BioXCell) was administered at 250 μg/mouse on days 0, 4, 7. Rat IgG2b (BioXcell) was used as an isotype control.
Real-time quantitative PCR
Total RNA was purified from lungs using TRIzol (Life Technologies). RNA was reverse transcribed and amplified with specific primers in the presence of Power SYBR Green PCR Master Mixture (Applied Biosystems; Life Technologies). The primers for IL-27p28, EBi3, and β-actin were obtained from Quantitect (QIAGEN), and the SeV Np primer sequence was as follows:
Normalization was conducted based on levels of beta-actin.
Cell preparation and analysis
Single cell suspensions were generated from mouse spleens, lungs, and lymph nodes. Mouse spleens and lymph nodes were collected and dissociate through a 70 μm strainer. Red blood cells from spleens were lysed using 0.85% ammonium chloride (Sigma). Red blood cell lysis was not performed on lymph nodes. Lungs were inflated with a solution of 1 mg/ml collagenase A (Roche) and 100 μg/ml DNase (Roche), and then diced and digested in the same solution for 60 min at 37˚C to obtain a single-cell suspension. Red blood cells were lysed using 0.86% ammonium chloride (Sigma). Cells from all tissues were counted, washed in flow cytometry buffer (1% BSA (Sigma), 2mM EDTA (Invitrogen) in PBS) and stained for surface markers. For assessment of cytokine production, T cells were restimulated with PMA and ionomycin plus brefeldin A (BGA) and monensin (Sigma) and stained for surface markers, then fixed with 4% paraformaldehyde for ten minutes prior to intracellular staining for relevant cytokines [54] . . IL-27p28 production was evaluated in the lung by flow cytometry (APC-anti-IL-27p28, clone MM27-7B1) and in the bronchoalveolar lavage fluid using an IL-27p28 specific ELISA (R&D Systems). Antigen-specific cells were identified using a conjugated tetramer to the Sendai virus nucleoprotein fragment FAGPNYPAL, provided by the NIH tetramer core. IL-27p28 production was evaluated in the lung by flow cytometry and in the bronchoalveolar lavage fluid using an IL-27p28 specific ELISA (R&D Systems).
Histologic assessment of lung inflammation
After lavage, the left lobe of the lung was inflated and fixed with 0.5 ml of 10% neutral-buffered formalin solution. Fixed lung tissues were embedded in paraffin, and sections were cut using a standard procedure. Deparaffinized sections from fixed lungs were stained with hematoxylin and eosin. Lung inflammation was scored by a board-certified veterinary pathologist (E.L.B.). Lung inflammation was scored according to the following scale: 0, no manifestation; 1, minimal and peribronchiolar only; 2, mild, in areas of epithelial hyperplasia; 3, moderate; and 4, severe. The severity of bronchiolar/alveolar epithelial hyperplasia was scored as percent of affected 40X area and percent of terminal bronchioles affected, as follows: Percent of affected area: 0, 0%; 1, 1-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%; Percent of terminal bronchioles affected: 0, 0-20%; 1, 21-40%; 2, 41-60%; 3, 61-80%; 4, 81-100%. Bronchiolar smooth muscle hyperplasia was evaluated as follows: 0, none; 1, mild; 2, moderate; 3, severe.
Statistics
Bar graphs and scatter plots were plotted as means with the SEM in Prism 5 software (GraphPad). All statistics were performed using an unpaired Student t test, except the histologic evaluation between WT, IL-27Rα (TIF)
